SUMMARY Cholesterol synthesis, faecal bile acids and neutral sterols, and plasma squalene and free and esterified cholesterol precursor sterols concentrations were studied in patients with previous ileal resection (n=30) or jejunoileal bypass (n=9) to elucidate the responses of different cholesterol precursors to enhanced cholesterol synthesis induced by cholesterol and bile acid malabsorption. A subgroup of seven resection patients without fat and bile acid malabsorption served as controls. Of the resection patients, eight had a pure bile acid malabsorption and 15 a combination of fat, bile acid, and modest cholesterol malabsorption. In the patients with jejunoileal bypass, cholesterol and fat absorption was greatly decreased in addition to bile acid malabsorption. The overall cholesterol synthesis was associated with proportionately increased plasma contents of free (and, less consistently, esterified) methyl sterols, the most marked increase, up to 18 times, being recorded for free and esterified lathosterols. The concentrations of the precursor sterols were similarly increased in the subjects with bile acid and cholesterol malabsorption, the two lathosterols showing the highest correlations with the overall cholesterol synthesis (r=0.820-0941). In the subjects with jejunoileal bypass cholesterol malabsorption effectively regulated cholesterol synthesis and the precursor levels. Gut exclusions large enough to cause cholesterol and/or bile acid malabsorption activate cholesterol synthesis leading to a proportional elevation in the plasma concentrations of cholesterol precursors, especially in those of lathosterols and free methyl sterols. Determination of the plasma concentration of total lathosterol by a single gas-chromatographic run is a suitable method for rapid screening of clinically significant cholesterol and bile acid malabsorption.
Resection of the small bowel, especially that of the terminal ileum, results in interruption of the enterohepatic circulation of bile acids'" which, in turn, is associated with low plasma cholesterol concentrations and activated cholesterol synthesis. The overall cholesterol synthesis has been studied in patients with bile acid malabsorption,j which in severe cases also leads to cholesterol and fat malabsorption. The effect of cholesterol malabsorption on cholesterol metabolism has been studied mainly in drug treated subjects, however,"''4 less so in patients with intestinal diseases. '5 Cholesterol malabsorption is more effective in reducing plasma cholesterol concentrations and may increase cholesterol synthesis less than does bile acid malabsorption. 4 16 The activation of cholesterol synthesis is reflected by an increased release of free methylated cholesterol precursor sterols in plasma probably from the liver. Measurement of these precursor sterols offers a convenient way to assess acute and chronic changes in cholesterol synthesis even in non-steady state of cholesterol metabolism.""I' Plasma squalene fluctuates in a manner parallel to the diurnal variation in cholesterol synthesis,2 but it was not a good marker for detecting prolonged changes in cholesterol synthesis""72' because the cyclisation of squalene to lanosterol is only weakly rate limiting and, further, may be an adaptive step. The responses of esterified plasma methyl sterols and the later precursors in the synthetic pathway of Figure 1 -that is, demethylated precursor sterols such as lathosterols and desmosterol, to The differences in the data between the groups were tested with the analysis of variance (ANOVA). The correlations and stepwise regression analysis of different variables were calculated with a Honeywell Bull computer using BMDP software.33
Results

CHARACTERISTICS OF SUBGROUPS
The study population of 39 subjects was divided into four subgroups according to the type of operation and fat and bile acid malabsorption (Table 1) . Group 1 with an ileal resection had faecal fat and bile acid values within the normal limits and served as a control group. About half of the distal 100 cm of the terminal ileum was still functioning. Group 2 had only 18 cm of the terminal ileum in function after the resection and had bile acid malabsorption but no steatorrhea mainly because most of the remaining small intestine was functioning. Group 3 had both bile acid malabsorption and steatorrhea because the remaining terminal ileum and whole small gut were short. Group 4 had jejunoileal bypass with only 45 cm of the small intestine in function. This group had severe fat malabsorption in addition to bile acid malabsorption. Plasma prothrombin concentrations did not differ between the groups but plasma albumin was lowered in group 3.
DIETARY INTAKES
No significant differences were found in the daily calorie, fat and cholesterol intakes among the different groups when expressed per kg of body weight (Table 1) .
PLASMA LIPIDS
The concentrations of plasma cholesterol were significantly lower in the three groups with bile acid malabsorption than in the control group (Table 2) . On the other hand, the plasma triglyceride concentrations tended to be lower in the controls than in the other groups.
CHOLESTEROL ABSORPTION AND SYNTHESIS
The parameters of cholesterol metabolism are presented in Table 2 . Fractional cholesterol absorption was similar in the control group (41%) and in the group with bile acid malabsorption (46%) but was impaired somewhat in group 3 (20%) with both bile acid and fat malabsorption and especially in group 4 For abbreviations see Table 1 .
Conversion factor for cholesterol (mg/dl) is 38-7 and for triglycerides (mg/dl) 88-5. 190 with jejunoileal bypass (8%). In the latter two groups the faecal neutral sterol excretion was also increased, and the absolute absorption of dietary cholesterol was clearly lower (1.4 and 04 mg/kg/day) than in other groups (2.6-3.1 mg/kg/day). When compared with the controls, the overall cholesterol synthesis was increased by a factor of three to five in groups 2 and 4, however, most significantly in group 3 although with reduced plasma albumin concentrations. Despite the markedly short functioning small gut, continuing obesity, and marked cholesterol malabsorption of the jejunoileal bypass patients, their cholesterol synthesis was increased less (p<0-05) than in resection group 3 with a combination of bile acid, fat, and moderate cholesterol malabsorption.
FREE CHOLESTEROL PRECURSORS IN PLASMA
The contents of plasma squalene and free and esterified methyl sterols, demethylated C-27 precursor sterols and cholesterol are presented in relation to the operated control group, in Figure 2 . The concentration of plasma squalene was significantly increased only in group 3. The free precursor sterol contents were 3-18, 2-7 and 1-4-6 times higher in groups 3, 2 and 4, respectively, than in the operated controls. The increases in the precursor sterol concentrations were mainly related to the respective increases in overall cholesterol synthesis no matter whether the synthesis was stimulated by pure bile acid malabsorption alone (group 2) or combined with cholesterol malabsorption (groups 3 and 4). The highest relative rise (Fig. 2) was found for free A8-lathosterol, followed by lathosterol, A8-methostenol and A/8.24 dimethylsterols (6-18, 4-6, 3-5 and 2-3 times, respectively). Desmosterol and methostenol were increased only moderately. In absolute terms the highest increases were found for lathosterol (from 235 to 1460 102. [tmol/mmol) and A8-lathosterol (from 10 to 186 102. [Lmol/mmol).
ESTERIFIED PRECURSOR STEROLS
The responses of the esterified A8-dimethyl and A8-monomethyl sterols and lathosterols levels were similar to the respective free sterols so that the esterification percentage was unchanged (Fig. 2) . Esterified lanosterol, A8'24 dimethylsterol, methostenol and desmosterol, however, responded poorly and inconsistently to the enhanced cholesterol synthesis. Table 3 shows that all the free plasma cholesterol precursors, except squalene, were significantly correlated with cholesterol synthesis when the data of all operated subjects were plotted together. The correlations were less significant for the esterified methyl sterols and negative for the esterification percentages. The highest correlations (r=0-820-0.941) were found for the free, esterified and total values of the two lathosterols. Factors possibly associated with the plasma concentrations of cholesterol precursors were further studied using stepwise regression analysis of eight variables separately for jejunoileal bypass and for patients with ileal resections. The results are shown for total A%-lathosterol only (Table 4 ). In jejunoileal bypass A8-lathosterol correlated strongly negatively with cholesterol absorption (both fractional and absolute) and positively with bile acid output. When cholesterol absorption entered the stepwise regression analysis no further significant correlations were found with A8-lathosterol (step 1), suggesting that cholesterol malabsorption was the major factor which stimulated cholesterol synthesis and subsequently increased the (Table 4) revealed that bile acid malabsorption, caused by ileal dysfunction, was the major factor increasing the plasma precursor concentrations through enhanced cholesterol synthesis. Bile acid malabsorption in the regulation of the plasma concentrations of the cholesterol precursor sterols was also identified as playing a decisive role when group 3 with combined bile acid and cholesterol malabsorption, and group 2 with pure bile acid malabsorption were analysed separately (data not shown).
FACTORS DETERMINING PRECURSOR CONCENTRATIONS
Discussion METHYL STEROLS V LATHOSTEROLS
The main factors determining the plasma concentrations of a single cholesterol precursor are the synthesis rate, the rate of further conversion to cholesterol, and the release to and removal from plasma. The present study showed that of the cholesterol precursors the chronic stimulation of cholesterol synthesis by different types of ileal resections or jejunoileal bypass clearly increased the plasma concentrations of lathosterols, especially A*-lathosterol, more effectively than those of squalene, methylsterols or demosterol. Short term stimulations of cholesterol synthesis increase the plasma concentrations of squalene, lanosterol and A-24 dimethylsterols relatively more than those of the later methylated precursors"92 whereas more chronic stimulation reverses this relation, probably as a result of adaptation in further conversion of squalene and lanosterol.734 The present findings suggest that the enhanced metabolism of the methyl sterols (Fig. 1) leads to accumulation of the later intermediates, A*-methostenol, A*-lathosterol and lathosterol, and that their further conversion to cholesterol becomes more rate limiting during chronically stimulated cholesterol synthesis. The significance of the high concentrations of these sterols in the feedback inhibition of cholesterol synthesis is not known at the moment. Table 4 Correlation of eight variables with total plasma content of A8-lathosterol in patients with gut exclusions. Stepwise regression analysis
Step 0
Step *p<0-05; tp<0 01; tp<0-001.
Cholesterolprecursors and gut resections
Is then, the huge relative increase of A8-lathosterol an actual measure of increased cholesterol synthesis overall or only in some tissue -for example, in the liver? The current concept implies that bile acid malabsorption enhances cholesterol conversion to bile acids in the liver depleting hepatocyte cholesterol which, in turn, activates hepatic cholesterol synthesis, upregulates hepatic LDL apoB receptors and subsequently lowers plasma cholesterol through enhanced receptor mediated cataboalism of LDL. As these changes are supposed to take place mainly in the liver, the increase in overall cholesterol synthesis and in cholesterol precursor concentrations should also be mainly of hepatic origin. In fact, the plasma contents of cholesterol precursors in man exhibit a high correlation (r-value up to 0.941) with hepatic hydroxymethyl glutaryl CoA reductase activity,36 the key enzyme in regulation of cholesterol synthesis. The relative six to 18-fold increases of A8-lathosterol in different groups were actually higher than the respective three to five fold increases in overall synthesis. Thus, the huge increase in the plasma concentration of A8-lathosterol may mainly reflect the actual change in hepatic cholesterol synthesis. The marked accumulation of A8-lathosterol is unexpected because at least in the rat liver, the conversion of A' to A7 by steroid-8-ene isomerase is 10 times more active than methyl sterol oxidase.37
ESTERIFIED PRECURSOR STEROLS
The inconsistent responses of the esterified precursors sterols to enhanced cholesterol synthesisthat is, the poor increase of methyl sterols The increase in the cholesterol precursor concentrations was proportionately similar to the enhanced cholesterol elimination caused either by cholesterol or bile acid malabsorption. In coeliac disease, however, the pure cholesterol malabsorption increases cholesterol precursor sterol concentrations relatively less than does bile acid malabsorption. 6 Similar results have been obtained with neomycin induced cholesterol malabsorption when the increase in cholesterol synthesis is relatively small, however.4
Stepwise regression analysis in jejunoileal bypass (Table 4 ) emphasises the importance of cholesterol absorption in the regulation of cholesterol metabolism, an aspect that has been accorded too little attention so far. In the resection patients bile acid malabsorption is, correspondingly, the fundamental factor in enhanced synthesis and reduced plasma cholesterol concentrations.
CLINICAL USE OF CHOLESTEROI, PRECURSORS
The high correlation between the total plasma con- Cholesterol synthesis ( mg / kg / d ) Figure 3 indicate that 95% of cases with an intestinal exclusion large enough to enhance cholesterol synthesis had increased plasma lathosterol concentrations. Because the plasma lathosterol concentration is high enough to allow accurate measurement, it can be determined easily and quickly with a single GLC run on a capillary column directly from non-saponifiable plasma lipids, Figure 4 . Low base line concentrations of methyl sterols require time consuming preliminary TLC isolation before GLC quantification.22
